The nucleation and growth mechanism (NGM) for the electro-oxidation of 3,4-ethylenedioxythiophene (EDOT) in acetonitrile on platinum and tin(IV) oxide electrodes was determined by analyzing the potentiostatic current-time transients inferred from electrocrystallization theory. The measurements were complemented by using atomic force microscopy (AFM) and scanning electron microscopy (SEM). Preliminary studies performed to establish the working conditions for the potentiostatic technique using cyclic voltammetry (CV) demonstrated that under the working conditions employed herein the best potential scan-rate to obtain electrodeposits of poly(EDOT) was 50 mV·s -1 . The prepared polymer displayed electrochromic properties and p-and n-doping, the p-doping being chemically reversible. In addition, it was observed that the electropolymerization mechanisms on both electrode materials were a combination of two contributions: progressive nucleation, followed by diffusion-controlled tridimensional growth, PN3D dif ; and instantaneous nucleation followed by three-dimensional growth under charge transfer control, IN3D ct . At shorter times, the IN3D ct contribution prevail giving rise to conical deposits, while at longer electrolysis times the polymeric deposit is made of granules, corresponding to the PN3D dif mechanism. The electrode material has no effect at all on the global mechanism, but affects the time at which either contribution predominates. However, the morphological predictions made from the NGMs must be corroborated by other techniques before using the data to control the deposit to be prepared.
Introduction
Since Shirakawa, Heeger and McDiarmid described the first conductive polymer [1] this field has aroused the interest of many scientists searching for novel materials that display good stability at room conditions [2] [3] [4] , easily processable, and low cost. Among the variety of conducting polymers developed since the seventies and eighties [5] , thiophene derivatives stand out due to their high stability and conductivity [6] [7] [8] [9] that allowed numerous technological applications.
Poly (3,4-ethylenedioxythiophene) is one such compound that present interesting properties, such as high conductivity, low band-gap, low oxidation potential, and very high electrochemical stability [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . These features have turned this conductive polymer into one of the most promising compounds in recent years [5] with application in various fields, e.g., as antistatic, capacitor, biosensor [23] , intelligent windows, screens, rechargeable batteries, anti-corrosives, photodiodes, photovoltaic cells, among others [24, 25] . Many studies about the physical and chemical behavior of conducting polymers have been undertaken, however, only a few refer to the NGM when the polymer is obtained by electrochemical means [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] 45] . In the present work, the characterization of poly(EDOT) deposits obtained at different scan rates and the NGM determination aimed at finding a likely correlation between this parameter and its morphology were studied. Nevertheless, Randriamahazaka et al. [44] reported in 1999 the NGM of EDOT but, although the experimental conditions were quite similar to those employed in the present study, the reported NGM differs from that found in this work. Therefore, we propose to settle this ambiguity by the simulation of potentiostatic transients by means of equations taken from classical electrocrystallization theory. To this end, the morphology of the deposits was also analyzed by AFM and SEM which allowed an expression to be neglected and to put forward a new NGM for EDOT.
Results and discussion

Electropolymerization by Cyclic Voltammetry
The optimum working potential for polymerization lies between -1.5 and 1.5 V, see Fig 1 . However, application of overpotential was needed for the obtaining of polymer deposition. Although the application of a high overpotential might cause overoxidation of the film, this was not observed here. The obtained profiles were consistent affording highly reproducible results, proving that there was no damage to the deposit and that the selected potential range was the appropriate one. The oxidation potential of the monomer was ca. 1.4 V, Fig. 1 , and the voltammetric profile displays two regions. The first, between -1.5 and 1.2 V, is related to doping/undoping of the deposit, and the second, between 1.2 and 1.5 V, to the monomer electro-oxidation. The first cycles show the characteristic current loop responsible for the electrode modification due to film formation.
The response of the obtained polymer was assessed by applying a perturbation to the modified electrode in a monomer-free solution of the supporting electrolyte (0.1 mol·L -1 TBAPF 6 ) in anhydrous acetonitrile, Fig. 2 and 3 . This allows the n-and pdoping to be discriminated, which represents an outstanding property that may render interesting applications to this kind of deposits. Although this was not the scope of the present research, a deposit in its oxidized and reduced form (E = 1.5 and -1.5 V), respectively, was prepared. A deep blue color was observed for the polymer in its reduced state and a transparent color in the oxidized form, which is consistent with that reported in the literature and is relevant, for instance, to the application in intelligent windows [40, 41] . 
Influence of potential scan rate
The response of deposits obtained by CV at different potential scan rates was measured in a monomer-free cell using 100 mV·s -1 sweep rate between -1.5 to 1.5 V, which resulted in the optimum working potential. We effectuated scans to more negative potentials, obtaining erratic and irreproducible profiles. This evidence a film damage corroborating that the inversion potential used is adequate.
From the response profile of the deposits it can be inferred that both kinds of doping are electrochemically irreversible since the potential difference between the respective doping and undoping peaks is quite large, although it is lower for pdoping.
From these profiles the charge related to the p-and n-doping/undoping was obtained in order to estimate the chemical reversibility of the processes. Table 1 contains, besides the respective values, the p-and n-doped/undoped ratio. From these values it might be deduced that for p-doping the ratio is very close to 1 in every case, indicating a chemically reversible process. For the n-type process, chemical irreversibility was observed because in all cases the charge associated to undoping of the deposit presented a higher value than that for doping, pointing to a deterioration of the polymeric film. Furthermore, charges associated to this type of doping are always significantly lower than those of p-doping, which may be ascribed to the size of the supporting electrolyte cation. Nevertheless, the higher chemical reversibility of both p-and n-processes, under the abovementioned conditions, was attained for deposits formed at 50 mV·s -1 . Consequently, this should be the optimum rate for the formation of the polymeric deposit under the working conditions utilized herein.
Tab. 1. p-and n-doping (Qd p and Qd n) charge, p-and n-undoping (Qu p and Qu n) charge and the respective ratio as a function of potential scan rate at which the deposit was obtained. 
Electropolymerization by Chronoamperometric Method: NGM on Pt
An initial potential of 0 V was applied for 10 s, to charge the double layer, followed by stepping the potential between 1.40 and 1.47 V during 60 s, as depicted in Fig. 4 .
These potential values correspond to the nucleation and growth region at which the most conductive deposit is formed, according to the observed profile obtained by CV, Fig. 1 . After charging the double-layer, the current drops to a minimum that corresponds to the induction time τ (Fig. 5) , from which the early nuclei, that will give rise to the polymeric film, precipitate. Subtraction of the current before τ was performed and to this point j = 0 and t =0 values were assigned [j(0,0)] in order to consider only the nucleation and growth phenomenon [42] . After the induction time, the current reaches a steady state. 
The first part of Eq. (1) involves instantaneous nucleation mechanism controlled by charge transfer (IN3D ct ), while the second denotes progressive nucleation with tridimensional growth controlled by diffusion (PN3D dif ). The parameter expressions for Eq. (1) are presented in Table 2 , where F is the Faraday constant, n the number of electrons involved, M the monomer molar mass, EDOT in the present case, ρ density of the film, k 3D the rate constant of 3D nuclei growth parallel to the electrode, A 3D the nucleation constant rate, D diffusion coefficient. A dif and N dif are the nucleation rate constant at the steady state and the number of nuclei formed under diffusion control, respectively [43] . Numerical values for c, d, e`, and f` constants, obtained through transient simulation, are included in Table 3 . Figure 6 illustrates an example of a representative profile deconvoluted using the constants obtained in the simulation process. The figure also depicts all contributions to the overall mechanism. It can be observed that from τ = 0 to ca. 2 s the IN3D ct mechanism contributes 87% to the overall charge, indicating that up to that time, most of the formed nuclei would correspond to circular base cones and being an instantaneous process, the nuclei should present similar sizes. Starting from approximately 7 s a significant increase of the PN3D dif mechanism is observed (74 % of the total charge), i.e., for t > 7 s mainly semi-spheres would be expected. In addition, being a progressive nucleation process, nuclei of variable sizes would be expected.
Tab. 2. Parameter expressions of the
As mentioned above the literature reports study the NGM of EDOT under similar conditions than those utilized in the present research work [44] . However, the equation used for transient simulation differs from that found in this case (Eq. 2):
The first part of this expression corresponds to instantaneous nucleation with bidimensional growth (IN2D), while the second one denotes instantaneous nucleation with tridimensional growth under charge-transfer control (IN3D ct ).
For the sake of comparison, the obtained transients were now experimentally deconvoluted by means of Eq. (2). The correlation indexes found were quite close to those obtained using Eq. (1). To elucidate this controversy and to establish the mechanism involved in the deposit formation under the abovementioned conditions, the previous study was repeated employing a conducting glass electrode (SnO 2 ) in order to verify, using other techniques, the morphology predicted by the NGM. 
Electropolymerization using Chronoamperometry: NGM on conducting glass, SnO 2
A deposition onto a conducting glass electrode was performed under the same working conditions used for chronoamperometry on Pt. The transients were fitted using respectively equations (1) and (2). (1) and (2) constants, on conducting glass. To validate one of the proposed models and to relate the mechanisms to the morphology of the deposit, AFM and SEM techniques were employed. Table 5 shows the predominant shape the nuclei should have, according to the mechanism, following the transient deconvolution method employed.
Tab. 4. Numerical values of equation
Tab. 5. Nuclei predominant shape, according to deposition time, using equations (1) and (2 Figure 9 depicts the AFM response recorded at 1.42 V by applying 2 s width pulses after the induction time. Only short-time nuclei were recorded because this technique does not allow analyzing rough samples Circular-base conical-shaped nuclei of uniform size were observed on SnO 2 surface, which agrees well with the abovementioned mechanism for times of electrolysis shorter than 2 s, inferred from Eq. (1). 
Conclusions
The study about the effect of potential scan rate on poly (3,4-ethylenedioxithiophene) in cyclic voltammetry showed that p and n doping are electrochemically irreversible and only the p-type doping displays chemical reversibility. The higher reversibility of p-and n-doping under the working condition utilized herein is attained when deposition is performed at 50 mV s -1 , i.e., this is the optimal scan rate for the formation of the polymer. Even though this was not the aim of this work, our study proved to be useful for controlling the level of doping of a polymer and its growth, which is subsequently evidenced by the physical properties of the material. On the other hand, these properties are determining the practical applications eventually developed for the material are concerned. Consequently, it must be stressed that control of the experimental conditions (concentration, solvent, type of electrochemical perturbation, etc.) allows optimization of the variables regarding the application in mind for the electrodeposited material.
The mechanism for the electro-deposition on Pt using the abovementioned concentrations of monomer (EDOT) and supporting electrolyte (TBAPF 6 ) in CH 3 CN, corresponds to the addition of PN3D dif and IN3D ct contributions. Deposition on conducting glass demonstrated that the mechanism follows the same pattern as that on Pt, highlighting the lack of interaction deposit−substrate that influences the NGM. The ambiguity detected in the determination of the NGM led us to undertake a morphological study of the deposit surface. From these results, the morphology of the deposit may be controlled as a function of the electro-oxidation time indicated by the NGM. Thus, for instance, under the conditions used in this work, only rough deposits of poly(EDOT) are obtained because the absence of a bidimensional mechanism, precludes the electro-synthesis of compact films.
Experimental part
All chemicals and solvents were purchased from Aldrich and were utilized as received. This work was performed using a conventional three-compartment, threeelectrode cell. A polycrystalline platinum disk (0.07 cm 2 geometric area) or a glass coated with a thin transparent film of SnO 2 (1 cm 2 geometrical area) was used as working electrode. A coiled Pt wire of large area, separated from the electrolytic solution by a sintered glass, was the counter electrode. All potentials quoted in this paper are referred to Ag/AgCl electrode in tetramethylammonium chloride that matches the potential of a SCE at room temperature [39] . Prior to each experiment the Pt electrode was polished to a mirror finishing with alumina slurry (particle size 0.3 μm), rinsed with water, and anhydrous acetonitrile, respectively. The electropolymerization of EDOT was carried out using a 0.01 mol·L -1 solution of the monomer in anhydrous acetonitrile and 0.1 mol·L -1 TBAPF 6 (dried at 110 °C and kept inside a dryer until use) as supporting electrolyte. The final volume was 10 mL. High purity Ar was flushed through the solution for 15 min prior to each experiment and over the solution during the measurement. Glassware was kept in an oven at 60 °C. All measurements were performed at room temperature. Dry syringes were employed for the manipulation of anhydrous acetonitrile maintained under inert atmosphere and over molecular sieves. The electrochemical work was performed on a Radiometer model PGZ 100 Voltalab potenciostat/galvanostat. Data were recorded by means of a compatible computational program (Voltamaster). Chronoamperometry was performed by stepping the initial potential (0 V for 10 s) to potentials ranging from 1.40 to 1.47 V for 60 s. Working conditions for cyclic voltammetry will be specified along the text. SEM was accomplished on an analyzer Model Leo 1420 VP, Leo Microscopy Ltd., while the AFM images were obtained with a digital instrument, NANOSCOPE III A Series.
